I. INTRODUCTION
Gas phase electronic spectra of polyatomics often combine a richness of features with a structure that is complicated in its interpretation by effects including vibronic coupling and anharmonic and Coriolis interactions. Consequently, there is increasing interest in developing new, multidimensional spectroscopic techniques to provide deeper insights when interrogating and assigning molecular electronic spectra. The development of multidimensional techniques is a natural consequence of advances in detection methodologies and is an area emerging more widely for spectroscopic and molecular dynamics measurements, including the time domain. [1] [2] [3] [4] Chen has recently summarized advances in high resolution coherent two dimensional (2D) approaches for interrogating complex rovibronic spectra in the UV/visible region for gas phase samples. 3 In contrast to the multiple laser approach, Reilly , Schmidt, and Kable demonstrated that combining a) Author to whom correspondence should be addressed: Electronic mail:
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dispersed fluorescence and laser induced fluorescence (LIF) scanning into a single 2D spectral measurement provides a powerful method for identifying fluorescing species in complex chemical environments. 5 Their single laser technique involves measuring the dispersed fluorescence spectrum at each laser wavelength in an LIF scan. The LIF was collected and dispersed using a spectrometer with a charge couple device (CCD) array detector allowing a large region of the fluorescence spectrum to be captured at each laser position, albeit at limited resolution. By plotting the fluorescence intensity as a function of the excitation and emission wavelengths (hence 2D fluorescence), they were able to readily identify the emitting species where the spectrum was known.
While Reilly, Schmidt, and Kable used the 2D approach to identify molecular species from their known spectra, this 2D fluorescence approach has obvious and straightforward application to vibronic spectral assignment for electronic transitions in polyatomics. Observation of the dispersed fluorescence spectrum at each laser position means that it is measured for each LIF spectral feature, providing a means to assign the feature based on known ground state vibrational frequencies. This is essentially a straightforward extension of the more usual approach of measuring an LIF spectrum and separately measuring dispersed fluorescence spectra from selected features. A less obvious application of the technique is the measurement of rotational "contours" in two dimensions as an extension of the usual band contour analysis for extracting rotational constants. Expanding on the work by Reilly, Schmidt, and Kable we have developed the 2D fluorescence probe for higher resolution interrogation of molecular spectra, particularly for application to "large" polyatomic molecules. We illustrate the technique by application to the S 1 -S 0 transition in fluorobenzene. In this context the complex spectroscopy of a polyatomic molecule mimics the complex chemical environment probed by Reilly, Schmidt, and Kable. We show that 2D imaging is a sensitive method capable of detecting weak spectral features, including those that are otherwise hidden beneath stronger bands. We have found that a particular advantage of 2D imaging is that it separates the rotational contours into constituent branches that can be targeted to determine the three rotational constants without the need for approximations such as that of planarity. Moreover, in 2D features that overlap in the usual LIF spectrum can be separated with, for example, sequence bands no longer interfering with the rotational structure of the cold bands. Because position sensitive photon detectors such as image intensifiers can be as sensitive as photomultipliers, effectively working at the single photon detection limit, the 2D imaging technique can remain a sensitive technique.
In order to differentiate the 2D imaging technique from the familiar LIF (where typically the total fluorescence is detected as a function of laser wavelength) and dispersed fluorescence (where the fluorescence spectrum is collected at a single laser wavelength), we introduce the term "2D laser induced fluorescence" (2D-LIF) to describe the two dimensional images arising from collecting dispersed fluorescence while scanning the laser wavelength.
Although the spectroscopy of benzene and its derivatives has been studied extensively, there have been surprisingly few studies of the S 1 -S 0 transition of fluorobenzene using modern techniques, especially given its focus in studies of van der Waals complexes. [6] [7] [8] Lipp and Seliskar undertook an extensive study of the S 1 -S 0 absorption spectrum, including deuterated species, using conventional absorption with room temperature samples. 9, 10 Gonohe et al. reported the first LIF spectrum and selected dispersed fluorescence spectra of a jet cooled sample. 11 However, it was not until 2007 that Butler et al. published an extensive investigation of jet-cooled fluorobenzene using a combination of LIF and dispersed fluorescence to identify and assign many of the features. 12 They noted that Fermi resonances were extensive throughout the spectrum. Pugliesi et al. subsequently examined the S 1 and S 0 vibrations to correlate the normal modes in the two electronic states and to examine the extent to which the Wilson mode numbering and description applies to this simplest of substituted benzenes. 13 These authors published the first resonance enhance multiphoton ionisation (REMPI) spectrum of the S 1 -S 0 transition. Recent microwave spectra have produced a very accurate set of constants for the ground state.
14 However, the only rotational analysis of the origin band was reported by . 15 It is particularly noteworthy that the S 1 rotational constants have not been re-examined as Kirby noted that two sets of constants could reproduce the segment of the contour that he observed clear from sequence band interference. Given the possibility that the accepted rotational constants, and hence geometry, for S 1 fluorobenzene may be in error, this is a useful system for probing using 2D-LIF.
We have measured the 0 0 0 band region of fluorobenzene at room temperature and cooled to ∼7 K in a supersonic free jet expansion. The room temperature study was undertaken with the aim of ascertaining the extent to which the 2D-LIF approach could remove spectral overlap, particularly from sequence bands, and hence reveal the rotational structure at high J, allowing accurate, high precision, rotational constants to be determined. Supersonically cooled spectra do not extend to sufficiently high J to allow highly precise constants to be determined at our laser resolution. The supersonic free jet spectra were measured to illustrate the usefulness of the technique for observing weak features in the fluorobenzene spectrum, particularly the various isotopomers in natural abundance.
II. EXPERIMENTAL DETAILS
The setup for our 2D-LIF experiments is as follows. The frequency doubled output of a Nd:YAG (Continuum Surelite II, 10 Hz repetition rate) was used to pump a dye laser with second harmonic generation (Lambda Physik Scanmate 2E, Coumarin 503 laser dye; 0.3 cm -1 doubled linewidth) which, in order to match the geometry of the entrance slit of the spectrometer, passed vertically through a stainless steel chamber containing the source. For the results presented in this work the source was either an effusive expansion of fluorobenzene that was scattered off a stainless steel plate to obtain room temperature spectra or a supersonic free jet expansion of 1% fluorobenzene in argon, sampled at X/D∼10, to obtain spectra with vibrational and rotational cooling. At this X/D rotational contour fits indicate a rotational temperature of 7 K. The fluorescence is collected using a lens matched to the f number of a home-built 4.2 m Czerny Turner spectrometer with a 1200 groove/mm grating blazed at 1 μm. In the UV region relevant for the present experiments the spectrometer operates in fourth order with a dispersion of ca. 5 cm −1 per mm. The laser wavelength was calibrated using a wavemeter (Bristol Model 821) and scattered laser light was used to calibrate the spectrometer. The dispersed fluorescence is detected with a 25 mm diameter gated image intensifier (Proxitronic BV 2561) with single photon detection sensitivity. Because of a loss of sensitivity at the edges (due to the image intensifier vertical dimension no longer matching the slit height), the effective width of the region viewed is ∼100 cm −1 . The image intensifier is gated to detect fluorescence in a time window near the laser; the precise timing details depend on the particular experiment being performed and whether or not there is a need to minimize scattered laser light. The image intensifier produces bright spots on a phosphor screen corresponding to the positions where photons strike its front face. The phosphor screen is imaged onto a home-built CCD camera whose output is read each laser shot by a computer. The CCD image is analyzed to identify and record the centre of each spot observed. This information is used to build up a histogram of events at each camera pixel position. The process continues for a preset number of laser shots while the laser is fixed in wavelength, producing a section of the dispersed fluorescence spectrum at that laser wavelength. The laser then steps to the next wavelength and the process repeats until the laser has scanned the region required. The result is a 3D surface of fluorescence intensity as a function of both the laser and dispersed fluorescence wavelengths. Where long (in time) scans were performed, the 2D-LIF image was recorded multiple times with a low number of laser shots per laser wavelength and the resulting images summed to produce the final image.
The 100 cm −1 wide window on the dispersed fluorescence spectrum this setup provides is far narrower than the 6200 cm −1 used by Reilly, Schmidt, and Kable 5 and confers the advantage of high resolution. Depending upon the entrance slit width used, the fluorescence resolution can be comparable to that of the laser excitation source.
III. ROOM TEMPERATURE SPECTRA
In this section we present the results of our experiments using a room temperature sample and explore the advantages of high resolution 2D-LIF imaging. We also present the method used to model the image and extract the rotational constants. Throughout this paper we use the Mulliken mode numbering introduced by Butler et al. to describe the fluorobenzene vibrational modes. 12 Pugliesi et al. have shown that the Wilson mode numbering, which is based on the modes of benzene and used in early fluorobenzene spectroscopy, does not adequately describe all of the normal modes of fluorobenzene.
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A. The experimental 2D-LIF image
The 2D-LIF image of the origin region of fluorobenzene at room temperature is shown in Fig. 1 . The intensity is displayed using a logarithmic color scale, enabling the majority of features to be clearly observed. Figure 1(b) shows the same image as Fig. 1(a) , but with the intensity scale magnified to reveal the weaker features. No image enhancement has been performed. The laser is scanned from 13 cm −1 above the fluorobenzene origin band to 81 cm −1 below it. The fluorescence is monitored in a 100 cm −1 wide window centred at 37 787 cm −1 to capture fluorescence transitions in the origin region. At this setting of the spectrometer, the laser wavelength is within the detection window, so the time at which the image intensifier was pulsed on was delayed to exclude scattered laser light.
As this is the first of our 2D-LIF images to be presented, we begin with an explanation of their features. The images are plotted with laser wavenumber along the horizontal axis (termed the excitation axis) and fluorescence wavenumber along the vertical axis (termed the fluorescence axis). By monitoring the origin region in fluorescence, we always observe an emission band at the same wavelength as absorption, and this creates a feature along the line of equal absorption/emission wavenumber. We refer to this line as the image diagonal, and it can be clearly seen running from the top right hand corner to the bottom left hand corner in Figs. 1(a) and 1(b). We describe the location of features within an image by their (x, y) coordinates [i.e. (laser wavenumber, fluorescence wavenumber)].
A feature of the 2D-LIF images is the symmetry of the dominant rotational structure about the image diagonal, which is clearly evident in Fig. 1. A point (m, n) in the image corresponding to laser excitation at m cm −1 and fluorescence at n cm −1 has a corresponding point (n, m) arising from the reverse transition, i.e., laser excitation at n cm −1 and fluorescence at m cm −1 . This results in reflection symmetry about the image diagonal. The intensities of the two related transitions differ because the initial state is different, resulting in different Boltzmann populations, and the fluorescence intensities will not necessarily be the same (see Sec. III B). Polarization effects may also influence the observed relative intensities of these respective transitions. 16 Examination of Fig. 1 shows that the fluorescence resolution is slightly lower than the excitation resolution and this is seen in features mirrored about the image diagonal being less sharp when their resolution is governed by that of the spectrometer. The symmetry about the image diagonal is also well approximated for detection of other vibronic emission bands where the change in rotational constant generally leads to only a minor perturbation of the contour.
The main feature of the image is the 0 0 0 transition, which has an intense feature at (37 816.0, 37 816.0) and "branches" that sweep back to lower energies on both sides of the image diagonal. These branches are rotational structure that results from the rotational transitions occurring during absorption and fluorescence. Assignments of the more prominent branches are discussed in Sec. III C and the appendix. Shifted along the image diagonal to lower energy are several sequence bands, each displaying the same pattern as 0 0 0 . Also contained in the images are several weak 0 0 0 -like patterns that are displaced from the image diagonal [see, for example, the features at (37 809.5, 37 758.9) and (37 758.9, 37 809.5) highlighted with an oval in Fig. 1(b) ]. These off-diagonal features arise when the vibronic transition in fluorescence differs from the absorption transition. Table I lists the bands observed in the image and their absorption wavenumber (corresponding to the position of maximum intensity for each transition) 10 Their identities are discussed in Sec. III D. Grating ghosts are seen in the image and appear as a very weak duplication of strong features shifted along the fluorescence axis. They are most readily observed in Fig. 1 to higher fluorescence energy because of reduced overlap with strong features. We have identified the grating ghost shifts using scattered laser light and hence can account for them in assignments.
The data in Figs. 1(a) and 1(b) are easily transformed into the more familiar LIF spectrum by projecting the image onto the absorption axis, and this is shown in Fig. 1(c) . The features of the 0 0 0 transition in this LIF spectrum match those presented by Kirby in his room temperature absorption study. 15 Comparing Figs. 1(a) and 1(c), it is evident that the 2D-LIF image has some clear advantages over the 1D-LIF spectrum. An issue with room temperature spectra of large polyatomics is the presence of sequence bands that overlap cold bands, complicating assignments and obscuring features, as can be seen in Fig. 1(c) . The 2D-LIF technique separates these contributions. Rotational branches associated with the 0 0 0 band appear in a different part of the image than those of the sequence bands, even though the cold and sequence bands overlap in the LIF spectrum. This separation makes it possible to observe much higher K a band heads in the rotational contour than was possible in Kirby's room temperature study and, as we show in Sec. III C, to thereby unambiguously determine the rotational constants. Because the differences in the rotational contours arising from the two sets of rotational constants are most apparent at higher J, K a at the resolution of our laser, the jet-cooled spectrum does not provide a means to separate which set is correct. A further advantage of the 2D-LIF image is that weak rotational transitions that are not apparent in the LIF spectrum are revealed in the rich rotational structure observed. This provides a means for accurate and unambiguous determination of the rotational constants, as we discuss below.
B. Simulating rotational patterns in 2D-LIF images
In a 2D-LIF image of a single vibronic transition, the observed features arise from a series of (absorption, fluorescence) rovibronic transitions. In order to describe a series within the image, we introduce the nomenclature (
to represent a series of related transitions, where the changes in quantum numbers are expressed in the usual P, Q, R notation. A single (absorption, fluorescence) transition pair originating from the J K a K c rotational level is denoted as (
For example, absorption from the 10 3,3 level in 0 0 to 11 4,4 in 0 0 , followed by fluorescence to 10 5,5 in 0 0 would be denoted by the pair ( rr R(10 3,3 ), pp R). Note that we follow standard practice, defining the changes in rotational quantum numbers to be the upper value minus the lower value, e.g., J = J upper − J lower . Thus an absorption transition and its identical fluorescence counterpart have the same signs of J, K a , and K c .
In near prolate asymmetric rotors such as fluorobenzene, for a particular J the K states, which are degenerate in the prolate top limit, split. This splitting is largest at low K, leading to the K a states in the asymmetric top being split at low K a but near degenerate as K a approaches J. Looked at from the perspective of how the K a splitting varies with J for a particular value of K a , the splitting is unobserved at values where K a is similar to J but becomes manifest as J increases and the K a value becomes small compared with J. In the image, there are features that arise from series in J, each series starting with an incremented value of K a = J. The series begins with the two states with the same K a overlapped but as J increases they split, leading to two separate subseries one where K c = J -K a and the other with K c = J -K a + 1. The subseries with transitions originating from K c = J -K a states are referred to as even, whilst the odd subseries comprises transitions originating from K c = J -K a + 1. When describing the two pairs of degenerate (absorption, fluorescence) transitions we separate the pair with a vertical bar.
To compute images of the rotational structure for comparison with experiment, we first generate a database of all possible transitions from the range of initial rotational states appropriate to the experiment. The image is then computed as follows:
1. The excited state rotational populations produced by the laser at a particular wavelength are calculated. These are determined by where each transition lies within the laser bandwidth, the probability for the transition (i.e., the Hönl London factor), and the initial state population. The laser is assumed to have a Gaussian profile with a full width at half maximum (FWHM) equivalent to the laser linewidth, 0.3 cm −1 . Initial state populations were described by a Boltzmann distribution, with appropriate nuclear spin weights. For calculations related to supersonically cooled samples, it was assumed that there is no nuclear spin interconversion during the expansion. Thus for both room temperature and jet cooled samples, the nuclear spin temperature was fixed at the ambient temperature of 295 K. The energy gap in the Boltzmann equation was taken to be the difference in energy between the initial rotational level for the transition and the lowest energy level of the same rotational symmetry. 2. We next determine the emission spectrum from this set of excited rotational levels. Since the fluorescence quantum yield is generally independent of rotational state, the total emission from each excited rotational level is proportional to its population arising from the excitation step. The relative weighting between each of the possible fluorescence transitions from a particular excited rotational state is determined by the Hönl London factors. Emission transitions are assumed to be Gaussian with the linewidth governed by the spectrometer resolution. For the images shown, this was 0.8 cm −1 . Note that in doing this we have ignored any changes arising from polarization effects on the fluorescence intensity, which may arise from nonuniform M J state population distributions associated with the excitation step when a polarized laser is used. 16 3. Each spectrum calculated as above forms a single line in the calculated image. The complete image is calculated by repeating steps 1 and 2 at each laser wavelength.
The program PGOPHER was used to generate the asymmetric top rotational transitions of fluorobenzene used for the absorption and emission calculations. 17 The energy levels and Hönl London factors were determined using Watson's A-reduced asymmetric top Hamiltonian in representation I r . J values up to 150 were used and every transition has been included irrespective of absolute intensity. Transitions originating from J > 150 are seen weakly in the room temperature 2D-LIF image, however these regions were not used for fitting purposes. Fluorobenzene has a 10:6 ratio for even:odd K a values due to nuclear spin statistics.
We first simulated a 295 K image of the 0 0 0 transition using the established rotational constants of Kirby. 15 In comparing this image with the experimental image we found that the positions of the calculated features do not reproduce experiment. To illustrate the differences, we have reproduced a small segment of the 2D-LIF image in Fig. 2 . The series of vertical features that dominate this image is due to the ( rr R, pr P)|( rp R, pp P) series. This series has distinct K a features, where transitions with different initial K a values are well resolved from each other, allowing observation of the bandheads (this series is fully described in the Appendix). The positions of the bandheads predicted by the rotational constants reported by Kirby are indicated on the figure. In his analysis of the band contour, Kirby noted that there was a second possible set of constants and Fig. 2 also shows the bandhead positions predicted using this set. While Kirby's preferred constants align the features at low excitation energy where his fit was obtained, the fit deteriorates significantly at higher energy. This higher energy region was not visible to Kirby due to overlap from a sequence band but is visible here because the 2D-LIF image separates the two contributions. We find that Kirby's second set of constants provide an improved fit, although the fit also deviates from experiment at higher excitation energy. Not unexpectedly, the image provides a more stringent test for the rotational constants than does a simple 1D contour.
C. Fitting the fluorobenzene origin transition rotational pattern: Determining the rotational constants
Given that the previously accepted rotational constants do not reproduce the image, we have undertaken a fitting process to obtain an improved set. We were interested to establish the precision with which the constants could be determined at the resolution used (0.3 cm −1 in absorption; 0.8 cm −1 in emission) and to ascertain whether it was possible to observe the effects of higher order terms (centrifugal constants) at this resolution. It transpired that, while we included the known ground state values for the centrifugal constants, we were unable to discern the effects of changes in these constants on the spectrum and retained the S 0 values for S 1 .
The fitting process began by varying each of the rotational constants individually to identify features of the 2D-LIF image that were most sensitive to a particular constant. By identifying these features the constants could be individually optimized. Rectangular regions highlighted in Fig. 3 show examples of features in the image that were used to optimize each of the rotational constants (these features are discussed in detail in the Appendix). The fitting process focused on fitting the positions of these features and subsequently checking the accuracy of the complete image. For each feature of the image used to determine a particular constant, many positions along that feature were used to determine a value for the rotational constant under consideration. The minimum number of points used was 36, when deducing the A value. The appropriate rotational constant was iteratively varied to move each calculated position through that on the observed image, with the best fit at that point determined by the maximum overlap, i.e., minimized energy difference. This provides a value for the constant at each of the points chosen. We report the average and standard deviation of these individual determinations when presenting the values for each rotational constant. Using the different series and image segments discussed in the Appendix, values of A, C, and B were determined in that order. The process was iterated several times until convergence was achieved. The final calculated image is shown in Fig. 3 and an animated GIF file comparing the 
calculated and observed images is supplied as supplementary information. 18 The rotational constants determined are given in Table II . This table includes the S 0 values determined by microwave techniques and Kirby's two sets for S 1 . It is interesting to note the additional precision with which we have been able to determine the constants, in spite of our lower resolution compared with Kirby. This arises because we are able to observe much higher J, K a states due to the 2D-LIF method disentangling overlapping sequence structure. Fitting different features of the 2D-LIF image to different constants has the advantage that it is not necessary to assume that the molecule remains planar in the excited state. This is in contrast to most band contour analyses of aromatic compounds where the assumption of planarity is necessary and allows only two rotational constants to be fitted to the experimental spectrum, with the third constant determined assuming the inertial defect is zero. An interesting feature of the 2D-LIF image is the extent to which it reveals weak features that are unobservable in the LIF spectrum, for example, series arising from K a = ±3.
Comparing our values with those of Kirby reveals interesting differences. Our best fit value of A was determined to be −0.010606(3) cm −1 , >5% different from Kirby's preferred choice of A = −0.0112 cm −1 and ∼1% different from his alternate choice of A = −0.0105 cm −1 . Kirby assigned the strong:weak intensity alternating features between −2 and −12 cm −1 to bandheads of the pr Q series and from this determined A = −0.0112 cm −1 . However, the peak separation between the dominant peak in the spectrum and the weaker peak to higher energy suggested an alternative value of A = −0.0105 cm −1 which, for a number of reasons, was rejected. Using our fitted constants we are now in a position to identify the origin of this discrepancy. We find that two K a J series show significant K a structure in this region. By computing and comparing absorption spectra for these two series individually, the series responsible for each feature in the absorption spectrum can be identified. These spectra are shown in Fig. 4 . In the region −2 to −10 cm −1 the peaks seen in the two series overlap, with the intensity of the rr R| rp R peaks being more than twice those of the pr Q series. To lower the energy the peak positions in the two series diverge. Kirby gave preference to the A = −0.0112 cm −1 value because spectra calculated using A = −0.0105 cm −1 displayed the wrong divergence for the pr Q series, which he believed was primarily responsible for the observed structure. His preferred constants are incorrect because the features were assigned to the wrong series: the series with the largest contribution to the K a band heads is rr R| rp R. The C = −0.001550(5) cm −1 rotational constant determined in this work compares very well to Kirby's value of C = −0.00158(2) cm −1 . The agreement is reassuring since Kirby determined the value by fitting rp P| pp P transitions to fine structure observed in the absorption spectrum, whereas our value was extracted by fitting to the shape of the ( rr R, rp P)|( pr R, pp P) two-dimensional sequence. It is common in band contour analyses to assume that B can be derived for planar molecules by setting the inertial defect, , to zero, FIG. 4 . A comparison of absorption spectra for each Ka J series individually to identify the series responsible for each feature in the absorption spectrum. The features are dominated by r R (consisting of the rr R| rp R transitions) rather than the p Q assigned by Kirby. In the region −2 to −10 cm −1 the two series overlap, but the intensity of r R is more than twice that of the p Q series. To lower energy the peak positions in the two series diverge. where = I c −I a −I b and Kirby used this approach. Analysis of the 2D-LIF image provides a direct measure of B, which was found to be B = −0.001035(7) cm −1 . This results in a slightly positive (albeit with a large standard deviation) inertial defect of 0.04(3) amu Å 2 . This value is similar to that determined for S 0 .
Recently, ab initio calculations have been reported for S 0 and S 1 fluorobenzene at a number of levels of theory. 13 Using the S 0 and S 1 geometries determined at each level of theory, we have computed the rotational constants to compare with those we have obtained. This allows us to identify the level of theory that provides the geometry that most closely matches experiment and to determine how accurate the match is. Using the PMIFST program, 19 rotational constants were determined from the ab initio geometries calculated at each of the levels of theory. These are shown in Table III . A figure of merit can be defined by the sum of the squares of the differences between the experimental and calculated values, expressed as a fraction of the experimental value, for each rotational constant. On this basis, the geometry that provides the best match with our constants comes from the CCSD/6-311G** calculations, although there is little advantage over the less computationally expensive RI-CC2/def2-TZVPP calculations. CCSD and CC2 are of comparable quality, both being based on the coupled cluster approach to treating electron correlation; however, RICC2 is computationally more efficient due to its resolution of the identity (RI) treatment allowing accurate calculations for larger molecules. 20 The remaining spectroscopic constant derived from the experimental image is the location of the band origin. From our fitting of the rotational contour of both the room temperature and jet cooled spectra (see Sec. IV for details of the cold spectrum), we determine the band origin of the 0 0 0 transition to be located at 37 813.8 ± 0.1 cm −1 . This is consistent with other origin determinations by Kirby (37 813.9 ± 0.1 cm −1 ) 15 and Butler et al. (37 813 cm −1 ). 12 The intense central peak in the room temperature absorption spectrum is blue shifted from the origin by 2.2 cm −1 (i.e., it is at 37 816.0 ± 0.1 cm −1 ), which is in excellent agreement with Lipp and Seliskar's value of 37 816.2 cm −1 .
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D. Vibrational structure and the spectral manifestation of Fermi resonance in 2D-LIF: The role of off-diagonal features
Butler et al. noted that the S 1 -S 0 fluorobenzene spectrum is littered with Fermi resonances. 12 The 2D-LIF technique provides a means to identify bands connected by Fermi resonance. Where two zero-order states, one of which is "dark," |φ D , and the other "bright," |φ B , interact via Fermi resonance, the two resulting states, |ψ 1 and |ψ 2 , are linear combinations of the zero order states: Where the Fermi resonance occurs in the excited electronic state, the 2D-LIF pattern will involve two bands on the image diagonal, corresponding to the transitions from the 0 0 level to each of the two states and a series of bands along the fluorescence (vertical) axis to lower energies. The fluorescence axis will show transitions due to both the |φ B and |φ D components in the emitting levels. A similar pattern can occur when two nearby transitions are allowed and a Fermi resonance interaction is absent. As is usually the case, the key to identifying a Fermi resonance is the presence of bands with unexpectedly high intensity. Because the S 1 and S 0 vibrational frequencies can change significantly, the particular features observed experimentally will depend on the fluorescence region monitored.
For S 0 resonances observed through hot or sequence bands a different pattern emerges, and hence S 0 and S 1 resonances are readily distinguished. The transitions form a "square" pattern on the image with sides of E, the energy separation between the two Fermi resonance states. The features on the image diagonal have an intensity ratio of a 4 :b 4 while the off-diagonal features have intensity a 2 b 2 . Because Fermi resonances often involve close-lying states, provided the laser and fluorescence windows encompass the same wavelength region, the complete pattern will be seen. The off-diagonal features arise from fluorescence transitions that terminate in the other Fermi resonance level rather than the one initially excited from. As for the S 1 resonance case, a similar pattern is produced for allowed transitions in the absence of Fermi resonance, and it is intensity anomalies that identify the situation as a Fermi resonance. We have identified two patterns in the room temperature scan of the origin region that might arise from S 0 Fermi resonances.
The first pattern of this kind observed in Fig. 1 involves the pair of sequence bands at 37 780.8 cm −1 and 37 783. 12 we assign these two bands to a Fermi resonance involving 10 1 and 30 2 . From the S 1 frequencies, we suggest that the transitions seen have oscillator strength through the 30 2 2 component. Evidence for 10 1 being involved in a Fermi resonance comes from the IR spectrum reported by Lipp and Seliskar. 21 These authors report the ν 10 band (ν 12 in the Wilson's notation they used) to show a split Q branch, with the two peaks at 807.3 and 810.1 cm −1 . They did not provide a rationale for this observation. The 2.8 cm The unperturbed frequencies and the interaction matrix element, V, can be determined from the intensities and band positions extracted from the second of the images discussed above. We measure the Fermi pair at S 0 frequencies of 808. 4 1 Fermi resonance pair, we have determined the relative intensity pattern for the 12 transitions predicted to arise in the 2D-LIF image. This analysis reveals that the other features will be substantially weaker (by a factor of 5 or more) relative to the features centred at −33.9 cm −1 , which explains why they are not seen. In this context we note the very weak band at a shift of −29.8 cm −1 reported by Lipp and Seliskar. 10 We suggest that this is the transition from the upper 10 1 · · · 30 2 level to the 18 1 19 1 · · · 10 1 level, which is one of the more intense of the additional features expected. It is predicted to occur at −28.5 cm −1 . Rademann et al. have reported a number of sequence bands of fluorobenzene as a part of their study of the fluorobenzene-Ar complex. 6 While the sequence bands are of low intensity and generally broad, making precise band positions difficult to determine, their reported bands at 33.8 and 44.4 cm −1 are consistent with our analysis. The second Fermi resonance pattern seen in the 2D-LIF image in Fig. 1 is interesting because it involves a long range interaction that is unlikely to be recognized as a Fermi resonance were it not for the observed off-diagonal pattern. We see off-diagonal features at (37 809.5, 37 758.9) and the mirror position (37 758.9, 37 809.5), which connect the two levels 11 1 
IV. SUPERSONIC FREE JET SPECTRA
The sensitivity displayed in the room temperature 2D-LIF image led us to explore the sensitivity of the technique further. Resonance enhanced multiphoton ionisation, in combination with mass detection, has been used to identify features in the S 1 -S 0 spectrum due to different isotopic variants and we explore the extent to which the high resolution 2D-LIF spectrum can provide a means to assign features to these different species in a supersonic expansion. Figure 6 shows a 2D-LIF image of fluorobenzene cooled in a supersonic free jet expansion of argon, recorded in the region of the origin band. The dominant feature is the 0 0 0 band at (37 813.8 cm −1 , 37 813.8 cm −1 ). The mirror symmetry that was evident in the rotational structure about the image diagonal in the room temperature case is less apparent in the free jet image because the narrower rotational level population distribution leads to more obvious asymmetry in intensity between features that arise from low energy levels and end in higher ones versus the reverse process. 13 C in the fluorobenzene sample. The characteristic fluorobenzene rotational pattern makes identifying this as a separate feature straightforward. The spectral structure from 13 C isotopomers is discussed further in Sec. IV B. A further band, clearly assignable to fluorobenzene based on the rotational pattern, is seen at (37 797.1 cm −1 , 37 797.1 cm −1 ), i.e., 16.7 cm −1 to lower laser wavenumber. This is assigned to the sequence band 30 1 1 and arises from incomplete vibrational cooling in the expansion. This band is also seen in the room temperature image (Fig. 1) .
A. Supersonic free-jet spectrum
In the region 30-40 cm −1 to the blue of the fluorobenzene origin band we observe three very weak overlapping 
B. Spectral features from isotopes in natural abundance
The three overlapping transitions observed at 36.3, 33.9, and 31.8 cm −1 to the blue of the fluorobenzene 0 0 0 transition are assigned to monodeuterated fluorobenzene in natural abundance. Three bands arise because the deuterium can substitute at the ortho, meta, or para positions relative to the fluorine atom giving three isotopomers. The ratio of ortho:meta:para is 2:2:1 because of the number of possible positions for the deuterium. It can be seen that the lower energy band is weaker than the other two, which are of similar intensity. Consequently, we assign it to the para species. There have been several previous spectroscopic studies reported for the para species.
9, 10, 22 The origin band of para-fluorobenzene-d 1 is reported in these studies to be blue
There have been no reports of S 1 -S 0 spectra for the ortho or meta isotopomers. To see if the two isotopomers might have sufficiently different rotational contours to separate them by this means, we simulated the contours using rotational constants based on the CCSD/6-311G** geometries (see Sec. III C). It was found that at the resolution and signal to noise of our data, the small changes to the contour predicted would not be observable. Thus we are unable to distinguish which of the remaining two bands is ortho and which is meta. The combined intensity of these monodeuterated fluorobenzene bands relative to the fluorobenzene origin band is 0.041%. Since there are five sites for deuteration, this corresponds to an isotopic abundance for deuterium of 0.0082% which is within the range of natural variability. 23 The absorption shift due to 13 C is considerably smaller than that seen for deuteration. The image for the supersonically cooled sample (Fig. 6) shows a feature blue shifted in absorption and fluorescence by 4.0 cm −1 that we assign to the origin band of 13 C isotopomers. As noted above, Dimopoulou-Rademann et al. reported the 13 C shift as 1.9 cm −1 . 24 We ascribe the differing values to the different resolutions of the laser systems used in the two experiments. Interestingly, due to substitution in different positions, fluorobenzene containing a single 13 C should in principal show several origin band positions analogous to what is seen for the deuterated species. Four bands are expected, with an intensity ratio of 1:2:2:1, due to 13 C at the ipso, ortho, meta, and para positions, respectively. Of course, based on the similarity of the shifts seen for the three deuterated isotopomers, we would expect the separation between the different isotopomer origin bands to be small given the much smaller shifts involved. The problem with distinguishing multiple 13 C frequency shifts while monitoring the 0 0 0 band in both absorption and emission is that the transitions appear on the diagonal, with the large 12 C intensity dominating and obscuring any additional 13 C transitions. To see whether we could separate the 13 C isotopomers, we measured a 2D-LIF image with the laser scanned over the 0 0 0 band region while the 11 0 1 band region was monitored in dispersed fluorescence, this emission being in a region with cleanly separated bands. 12 Monitoring a region where the transition terminates in a vibrational level (rather than the zero point level, as was the case with 0 0 0 ) introduces the possibility that the vibrational frequency change will move the 13 C vibrational frequencies further from the 12 C bands and hence separate these bands better in the emission step. Figure 7 shows the resulting 2D-LIF image.
This image shows three features. The strong 12 C feature at (37 813.8, 37 297.5) is accompanied by a weak 13 C feature at (37 817.8, 37 302.8), corresponding to the 4.0 cm −1 separation expected. However, a third, very weak feature is seen at (37 816.8, 37 305.1), corresponding to an absorption frequency shift of 3.0 cm −1 , which we assign to a different 13 C isotopomer. It is visible because it is blue shifted in fluorescence further than the more intense 13 C feature. Analysis of the relative intensities of the two 13 C bands reveals an intensity ratio of ∼5:1 implying that three of the four isotopomers have an essentially identical shift at our resolution and that either the ipso or the para 13 C substitution produces a smaller 0 0 0 shift compared to the other isotopomers. We suggest that the ipso isotopomer has the reduced shift, our reasoning being that (i) when the 13 C is attached to F, the change in reduced mass for the CF "group" is less than is the case for CH, leading to smaller vibrational frequency changes, and (ii) in the case of deuteration, the shift for para is very similar to those for ortho and meta, suggesting that the same is likely to be the case for 13 C substitution. This study of isotopomers shows the advantage of adding the second energy dimension in the 2D-LIF approach. 2D-LIF is able to distinguish features from isotopomers of the same mass that a mass-based detection scheme such as mass resolved REMPI would reveal as a series of overlapped bands.
V. REQUIREMENTS FOR IMPLEMENTATION OF HIGH RESOLUTION 2D-LIF
Having demonstrated that 2D-LIF imaging can be a powerful technique for observing and analyzing polyatomic rovibronic spectra, in this section we address the issue of how readily the apparatus for undertaking these experiments can be put together. The photon detection side is straightforward: image intensifiers with sufficient amplification for single photon detection are readily available, as are CCD cameras. Alternatively, high sensitivity 2D photon detection systems are commercially available. Our implementation of the technique is based on a home built spectrometer with reasonable dispersion (ca. 5 cm −1 per mm in the region of interest), and the images we have reported have used a spectrometer resolution of 0.8 cm −1 . The key for the technique to be straightforwardly implemented is the availability of commercial spectrometers of sufficient resolution. Spectrometers capable of achieving a resolution of 2 cm −1 are available from several suppliers. This is somewhat below the resolution that we have shown in the fluorobenzene study; however, it is sufficient for much of the rotational structure to be revealed and distinguished from overlapping sequence bands. This is particularly so when the rotational structure leads to band heads separable in the laser axis, which is a regular situation for aromatics, as discussed by Kirby. 25 To illustrate the image that is expected for an experiment based on a commercial spectrometer, we show in Fig. 8 an image calculated with the laser resolution unchanged and the fluorescence resolution reduced to 2 cm −1 . Comparing this with the image calculated for our 0.8 cm −1 fluorescence resolution, Fig. 3 , it can be seen that, while there is a blurring of features, which is particularly evident for features above the image diagonal, significant detail remains. In particular, K a band structure separated on the laser axis is clearly observed in features below the image diagonal. This indicates that the 2D-LIF imaging technique can be performed with "rotational resolution" using commercially available instrumentation.
The excitation step in our experiments was performed using a standard commercial dye laser operating without an etalon. In considering resolution issues, we have also explored the gains that might be made by using a narrower linewidth laser source. It transpires that there are some advantages although, since overlapped features are already teased apart to a significant extent, they are likely to be of most benefit for larger molecules where the 2D-LIF image fails to separate structure at the lower laser resolution.
VI. CONCLUSIONS
We have illustrated a high resolution 2D fluorescence technique, which we refer to as two-dimensional laser induced fluorescence imaging, for measuring images of rovibronic transitions for polyatomic molecules from which one can extract rotational constants. The technique involves scanning a tunable laser over absorption features in the S 1 -S 0 electronic spectrum while monitoring a segment of the dispersed fluorescence spectrum. Because of the combination of the size of the image intensifier we use and the dispersion of our spectrometer, we have monitored a 100 cm −1 wide segment. The technique has been illustrated by application to the S 1 -S 0 transition in fluorobenzene. 2D-LIF imaging allows features that overlap in the usual LIF spectrum to be separated. We have shown that the overlap of rotational contours by sequence band structure can be significantly reduced with 2D-LIF allowing a much larger range of rotational transitions to be observed and higher precision rotational constants to be extracted. The rotational constants that we have determined for S 1 fluorobenzene are an order of magnitude more precise than those extracted previously from the rotational contour. The previously determined values were found to be in error by as much as 5%. A significant advantage of 2D imaging is that it separates the rotational contours into constituent branches that can be targeted to determine the three rotational constants without the need for approximations such as that of planarity. 2D-LIF imaging has been shown to be a sensitive method capable of detecting weak spectral features, particularly those that are otherwise hidden beneath stronger bands. Two ground state Fermi resonances were identified by the patterns that such resonances produce in the images. With the use of an image intensifier working at the single photon detection limit, 2D-LIF imaging is a sensitive technique. The sensitivity of the technique was demonstrated by our observation of the three isotopomers of fluorobenzene-d 1 in natural abundance in an image taken of a supersonically cooled sample. The ability to separate some of the 13 C isotopomers in natural abundance was also demonstrated. The equipment required to perform 2D-LIF imaging at "rotational resolution" is available from commercial suppliers.
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APPENDIX: DETAILS OF THE ROTATIONAL ANALYSIS
This Appendix gives details of the rotational features used to determine the rotational constants for the 0 0 level of S 1 fluorobenzene. The three principal constants A, B, and C were determined. Because of their intertwined influence on features of the image, they were determined in the order A, C, B. The spectra are primarily sensitive to the differences between the ground and excited state rotational constants, and hence we refer to the determination of these differences in the discussion below. The excited state constants are then calculated from the well-determined ground state values. Fig. 3 and shows features belonging to the ( rr R, pr P)|( rp R, pp P) and ( rr R, rp P)|( pr R, pp P) series. K a bandheads of the ( rr R, pr P)|( rp R, pp P) series are seen for K a = 39 to 43 and are labeled with their initial K a value. J bandheads of the ( rr R, rp P)|( pr R, pp P) series are seen for J = 109 to 120 and are labeled with their initial J value. See text for a more detailed description of these series.
To determine the value of A, the bandhead positions of the ( rr R, pr P)|( rp R, pp P) series in the experimental and calculated images were compared. Rectangle 3 in Fig. 3 encompasses a portion of this series, and this region is shown as a high resolution simulation in Fig. 9 . The series head for this series of transitions is given by ( rr R(κ κ,0 ), pr P) | ( rp R(κ κ,1 ), pp P) where κ represents the K a value of the initial rotational state prior to absorption. The next member in the series has an unchanged K a value, but both J and K c increase by one. The high resolution image of Fig. 9 is labeled with the K a values located above the head of each series. In our experimental images, series with differing K a values are fully resolved from each other as shown in Fig. 1 . The useful feature of these series is that the position (absorption and fluorescence energy) of the series head is almost solely dependent on the value of A. Higher members within each series are affected by B and C, resulting in different curvatures of these series in the 2D-LIF images; however, the series head remains fixed.
B was determined by analyzing the shape of three different subseries; the ( pp P, rp Q) series, the ( pr Q, rp Q) series and the ( pt R, pr P)|( pr R, pp P) series. One component of the last mentioned series results from a K c = 3 transition that we label, in terms of K c , as a T transition following conventional labeling customs. All these series show K a fine structure whose position in the 2D-LIF images varies significantly with B, and to some extent, the other rotational constants also. Thus, fitted values for A (from above) and C (see below) are required prior to fitting for B. Rectangle 1 in Fig. 3 highlights a section of the ( pp P, rp Q) and ( pr Q, rp Q) series. Details of the transitions in this series are shown in Fig. 10 . Features pertaining to these series occur in a region where there are many underlying transitions, so Fig. 10 only shows the transitions belonging to the series of interest. On this plot, the area of each marker is proportional to the intensity of the transition and the lines link different members of the series having the same K a value. The ( pp P, rp Q) subseries starts off degenerate with the ( pr P, rp Q) series, where the series head (not seen in Fig. 10 ) is given as ( pr P(κ κ,0 ), rp Q) | ( pp P(κ κ,1 ), rp Q). Here, again, κ represents the initial K a value for the series and increasing J and K c by one gives the next member in the series. The two subseries continue to higher J's until they split due to asymmetry. After splitting, the difference between the absorption energies of sequential series members of the odd subseries, that is the ( pp P, rp Q), starts to reduce and approaches zero. Concurrent with this, the change in fluorescence transition energies as a function of J reverses from initially decreasing to increasing with J. These two behaviors of the subseries result in a build up of transitions at a particular (absorption, fluorescence) position in the 2D-LIF image, thus producing the fine structure observed in the experimental image. In Fig. 10 , this effect is clearly seen for the ( pp P, rp Q) subseries with K a values between 10 and 13. The "cusp" in this subseries occurs at J = 30 for the K a = 10 series and J = 41 for the K a = 13 series.
The second series used to determine B is the ( pr Q, rp Q) series. Both the even and odd subseries are members of ( pr Q, rp Q). The series head is given by ( pr Q(κ κ,0 ), rp Q) | ( pr Q(κ κ,1 ), rp Q), with the next member in the series increasing J and K c by one. These series are also shown in Fig. 10 where the series are labeled with their K a value. The two subseries continue as a degenerate pair until they start to split. In the region of this splitting, the absorption energies of sequential series members for the even subseries reverses. This, coupled with favorable absorption intensity in this region, results in the fine structure observed in the image.
The remaining series used to determine B is the ( pt R, pr P)|( pr R, pp P) series, a section of which is shown in rectangular region 2 in Fig. 3 . Although occurring in a region of the image that is dense with rotational transitions, this series produces well defined K a structure whose positions are sensitive to B. The bandhead of this series is given by ( pt R(κ κ,0 ), pr P)|( pr R(κ κ,1 ), pp P) and each subsequent member increases J and K c by one. These bandheads carry very little intensity due to low Hönl London factors, and it is the intermediate values of J (that is, before splitting occurs) that give rise to the observed structure.
C was determined by the shape of the ( rr R, rp P)|( pr R, pp P) series. This series is also influenced by A, which must be determined first. The high resolution calculated image of Fig. 9 shows this series. Unlike all the series described thus far, this one is not a K a series, but instead is a series in J. For a given J, each subseries has the first member as ( rr R(J 0,J ), rp P) | ( pr R(J 1,J ), pp P). Although the subseries can be described by sequential members having the same J value but increasing K a values, analysis of the simulated high resolution 2D-LIF image shows this is not the most visually apparent pattern formed. The most obvious pattern is the series whose members are closest together (i.e., separated by the least energy). Therefore, we describe the subseries as transitions where subsequent members are found by decreasing J by one, increasing K a by one and decreasing K c by two. Using this description of the series of transitions, the initial J values are shown on Fig. 9 .
